ABSTRACT
INTRODUCTION
The basic idea of the "Two-Stage Reduction" process is illustrated in Figure 1 . The porous SiC, permeable to gas constituents but impermeable to the liquid Si0 2 , separates the molten Si0 2 bath and the outer space which is evacuated to a reduced pressure. By separating the two reduction steps from each other, it is expected that the transfer of impurity from Mass production of silicon of higher purity than the conventional "metallurgical grade silicon" (MG-Si) /I -6/ is one of the key industrial factors which must be realized to attain low cost of production of the silicon solar cell. Considerable research works have been done aiming to achieve more effective refining of MG-Si /7,8/. However, no proposal has been made concerning the smelting process which is more flexible in the raw materials of Si0 2 and which gives higher purity outputs than the conventional electric arc furnace process. A strong demand for the investigation of novel smelting process exists in this context.
In the present study, the authors propose a Reduction Process" can be operated with more flexibility than the conventional electric arc furnace process. The aim of the present study is to prove the possibilities of the process and to investigate the fundamental mechanisms involved in the reactions.
EXPERIMENTAL

Experimental procedure
The experimental apparatus is shown schematically in Figure 2 
Preparation of porous SiC tube
We use a commercial reagent grade ß-SiC powder (98% in purity) to produce the SiC tube. The average particle size of the SiC powder is 0.27μηι. The powder is formed in the shape of a Tammann tube with a cold isostatic press machine (pressure: 200MPa), and the outer surface of the tube is shaped mechanically. The green body of the SiC tube is thus obtained, and the green body is sintered at -2073Κ under argon atmosphere. The average micro pore size of the SiC tube is about 5 μηι.
RESULTS AND DISCUSSION
Thermodynamic conditions lor Si formation
Here, we examine the thermodynamic conditions of Si(l) existence in relation to the oxygen partial pressure, P 02 , and temperature for the Si-Si0-Si0 2 -SiC system.
We consider the following reactions.
The relation between P 0 2 and temperature for the reaction equilibria of eqs.(2)~(6) are calculated under the following conditions a Si 02 = 1 (for both 1 and s)
/W P° = 0.75 (10) P, = Pco + PsiO + Ρ 02 + P C 02 = P" = 1.01325xl0 5 Pa (U)
Here, a, is the activity of the component /; P, is the partial pressure of component /'; P, is the total pressure ; P n is the standard pressure. It is to be noted that, considering the reaction of SiO(g) formation in the present reaction system of Si0 2 + SiC, the reaction which is described by eq.(6), we have taken the conditions of eqs.(9)~(ll) for the gas phase components. In the calculation, we use the thermodynamic data in the literature 191.
The results of the calculation are shown in Figure 3 . In the figure, the solid lines represent the G° -Τ relation for the reactions of eqs.(2)~(6) at the equilibrium state. From the figure, we suppose that SiO(g) cannot be stable, while Si(l) can be stable, at Τ > 2070K and log(P 02 / Ρ") = -13.6 under the condition of a SiC~ 1. It is to be noted that, from the thermodynamic viewpoint, the condition of Si(l) coexistence with SiC(s) is not affected by the location of the reduction, i.e. the gas-solid interface at the outer surface, the inner surface, or the wall micro pores of the SiC tube. This fact suggests that the possibilities of the two-stage reduction must be investigated with kinetic experiments, since the separation of Si(I) from Si0 2 (l) is one of the key engineering factors of the process and the outer surface of the tube is not preferable as the site of Si(l) formation. Temperature ,Τ/Κ
3:
The fields of phase stability in the system Si-O-C with P co /P° = 0.25 and P Si "!P" = 0.75
4.2Reduction of SiO 2 (0 into SiO(g): 1st stage reaction
It has been well established that the reaction between Si0 2 (l) and SiC(s) forms gaseous SiO(g) and CO(g) as the products /10/. The kinetic details of the reaction have been not fully investigated.
In the present study, we have made preliminary experiments to confirm the formation of SiO(g) at the interface between molten Si0 2 and solid SiC tube. The experiments have been made at T= 2073K, at which the conversion from SiO to Si can be avoided (cf. Fig. 3 ).
The experimental setup and the procedure are similar to those described in the section 3. 10.24 keV Energy of X-ray The reaction between Si0 2 (l) and SiC(s) is written 2Si0 2 (1)+ SiC(s) = 3SiO(g)+ CO(g) (12) which is the overall reaction of the 1st stage reduction and takes place at the SiC-Si0 2 interface.
The reaction between SiO(g) and SiC(s) is represented by
which is the overall reaction of the 2nd stage reduction and takes place at the gas-solid interface in the micro pores of the porous SiC tube wall.
According to the reactions of eq. (12) and (13), we have SiO and CO as the components of the gas phase.
Hence we have to consider that the gas phase product of (I) Equilibrium gas composition at the reaction interface Since Si0 2 (l) cannot coexist with SiC(s) in the equilibrium state, a gas phase, i.e. bubble or gas film, must separate the two condensed phases. Assuming a gas film between Si0 2 (l) and SiC(s), we have two interfaces. The composition of the gas-side of the two interfaces must be different and this difference in the gas composition originates the driving force of the 1st stage reduction. Here, we estimate the equilibrium composition of the gas phases at the Si0 2 (l)-gas and SiC(s)-gas interfaces. Further kinetic analysis is to be made in a later section 4.5.
(i) SiC(s)-gas interface
The reactions at this interface are represented by the following equations. Here, we assume the formation of Si(l) by the reduction of SiO(g).
Pcn 2 a sic
Here, the equilibrium constants are calculated with the thermodynamic data 191. Then we have, at Τ = 2273K, 
(ii) Si0 2 (l)-gas interface
The following reaction together with the reaction of eq. (15) is considered for the equilibrium at the interface between Si0 2 (l) and gas.
Under the condition of a Si02 = 1 and Ρ, / Ρ" = 1, the changes in P Si0 , Pco, Pcoi with P m at 2273K are calculated on the basis of eqs. (16) The first stage reduction of Si0 2 takes place at the Si0 2 (l)-SiC(s) interface, and a gas bubble or gas film is formed between Si0 2 (l) phase and SiC(s) phase. The gas phase thus covers the surface of the SiC tube to some extent.
The gas composition at Si0 2 -gas interface can be
Pcoi'
Here, the superscript Si0 2 /Gas indicates the Si0 2 -gas interface. The actual numerical values for P Si Q 2 ' Gas etc.
are not determined only by the thermodynamic relations but also by the kinetic relations which restrict the fluxes of SiO etc. in the gas phase.
At the SiC tube surface covered by the bubble (or gas film), the composition of the gas phase, i.e.
P™* /Gas
andP™* ,Gas , should be pSiO, /Gas /p " > pSiC I Gas /p " > Q m ^ pSi0 2 /Gas /p n K pSiC,Gas /p o < Q 521 (33)
The difference in the composition at the two interfaces causes mass transport of SiO and CO(and also C0 2 ) in the bubble (or gas film). 
(3) Gas-metal reactions
According to the thermodynamic estimation of the reaction gas composition, we have to expect that, after the reduction of SiO(g) into Si(l) terminates, there still remains a considerable amount of SiO in the reaction gas because the lower limit for P s ,o is determined as PstoJ from the equilibrium conditions.
If the remaining amount of SiO is removed from the reaction system without further reaction, we must observe the deposition of SiO in the graphite supporting tube (c.f. 4.2) at a low temperature zone. In the experiments at Τ = 2223K and 2273K, however, we found no trace of SiO deposition (c.f. 4.2). This fact suggests that SiO is consumed by some other reaction than eq. (13), and that the overall reaction does not reach to the equilibrium state.
The possible reaction, which can decrease SiO to the lower level than the equilibrium estimation of jP$QJ , is represented as follows
since Si(l) contains a considerable amount of C (c.f.
4.3).
Considering the fact that we pump out CO continuously during the experiments, we can expect the proceeding of the reaction of eq. (40) on the basis of LeChatelier's principle. If the reaction of eq.(40) takes place, we can also expect that C concentration in the liquid Si becomes lower than that under the equilibrium condition of Si(l)-SiC(s) system. This expectation is consistent with the results shown in Figure 6 , where [mass ppm C] is slightly lower than that at the equilibrium at T= 2273K. We thus conclude that P Si0 in the gas phase is negligible above the molten Si bath in the SiC tube owing to the gas-metal reaction represented by eq. (40). In this context, we need not consider the reoxidation of SiO by CO although P C o increases with the decrease in P Si o· The details of the gas-metal reaction, e.g. the interfacial area, the shape of the interface (bubble or not) etc., are to be investigated in a future study.
High Temperature Materials and Processes
Reaction kinetics of the two-stage reduction process
As has been described in 4.3, the amount of Si, which results from the 2nd reduction process, is very much smaller at T = 2273K. On the basis of this fact, we discuss the kinetic aspects of the present reduction process qualitatively in the following.
Apparent Si formation rate
The amount of Si, ASi, obtained from the experiments under various reaction conditions is shown in Figure 9 in which the data represented by · are those obtained from the experiments at Τ < 2273 Κ for the reaction time, t, of t = 60min. The data represented by O, •, Δ, • and • are those obtained from the experiments at T = 2273K for t = 10~17min. It is to be noted that ASi / mg = 0 at T= 2073K.
The observations deduced from Figure 9 are summarized as (i) obvious dependence of ASi on T, and (ii) large ASi for a longer reaction time at T= 2273K. 
.1 Relation between ASi and time at Τ =22 73K
Here, we examine the change in ASi with the reaction time, t, for the data obtained from the experiments at T = 2273K. Figure 10 shows the relation between ASi and t. In the figure, Ο represents the data shown in Figure 9 . 
Evaluation of Si formation rate
From the experimental results shown in Figure 10 The relation between the apparent SiO formation rate and temperature is illustrated in Figure 12 .
Obviously the apparent SiO formation rate is less than 
Evaluation of SiO formation rate
As described in 4.1, we observed no accumulation of 
Elementary steps of the reaction of the 1st stage
From the general theory of reaction kinetics, we can divide the overall reaction of the 1 st stage reduction of Si0 2 into SiO in several elementary reaction steps as follows.
(i) Chemical reaction at Si0 2 (l)-SiC(s) interface:
(ii)Chemical reaction at gas-Si0 2 (l) interface:
(iii) Mass transfer of CO and C0 2 in the gas phase ( bubble or gas film ) between the gas-Si0 2 (l)
interface and the gas-SiC(s) interface:
Step (a) is the direct reaction in which the reductant, SiC, is supplied directly to the reaction interface.
Step (b), on the other hand, is the indirect reaction between Si0 2 and SiC.
Step (b) is combined with Step (c) in which the oxygen atom concerning the reduction is carried by CO and C0 2 (fenying effect).
As for the rate controlling step of the present reaction, however, the three steps cannot correspond to it, since none of the kinetic factors of the three steps, e.g. chemical rate constants, diffusion coefficients etc., can change irregularly with temperature like in Here, we consider the following rate equations representing the SiO formation rate. where k ii0 and k'us,η are the frequency factors and E R and E us are the activation energies.
At the same time, we can also expect Arrheniusian relations for the diffusion coefficients of CO, SiO and 
Interfacial areas for SiO formation reaction -
Observation of the surface of the SiC tube
To obtain the information concerning the interfacial areas of gas-liquid Si0 2 , gas-solid SiC, and the liquid We can conclude that the suction of the reaction gas through the tube wall is necessary for the direct contact of Si0 2 with the SiC tube.
Rate controlling mechanism
Summarizing the kinetic discussions above, we can illustrate the scheme of the kinetic mechanism of the two step reduction process as seen in Figure 15 .
At lower temperature range of Τ = 2073-2223 Κ (Fig. (15) -(a)), gas phase (gas film) separates the molten SiO in the gas phase. Since the rate controlling step is considered to be involved in the 1st stage reduction, i.e.
SiO formation reaction step, the gas side mass transfers at Si0 2 -gas interface are supposed to be the rate controlling steps.
Thus the apparent independence of the rate of SiO formation on temperature at Τ = 2073-2223K is interpreted as follows.
The diffusion coefficients of CO, SiO and C0 2 in the gas film increase with the increase in temperature. The increase in temperature also increases the rate constant of the chemical reaction at the gas-Si0 2 interface. The increase in the diffusion coefficients, D, and the rate constant enhances SiO and CO formation rate. The enhanced SiO and CO formation rate tends to increase the thickness of the gas film, δ, to some extent. This increase in the film thickness compensates the increase in the increase in the diffusion coefficient, following the relation that It should be noted that these relations indicate implicitly that the transfer of oxygen through the mass transfer of CO and C0 2 in the gas phase is much slower than that through the direct reaction.
CONCLUSION
In the present study, the authors have proposed a The results are summarized as follows.
(1) The formation of Si by the two-stage reduction process is possible at T> 2223K.
(2) The Si formation rate increases vigorously with increasing temperature.
